The evolution of Si͑100͒ surfaces has been studied during oblique high-fluence ion sputtering by means of atomic force microscopy. The observed surface morphology is dominated by nanoscale ripples and kinetic roughening at small and large lateral scales, respectively. The large-scale morphology exhibits anisotropic scaling at high fluences with different roughness exponents ␣ n = 0.76Ϯ 0.04 and ␣ p = 0.41Ϯ 0.04 in the directions normal and parallel to the incident ion beam, respectively. Comparison to the predictions of single field and two-field ͑"hydrodynamic"͒ models of ion erosion suggests the relevance of nonlinearities that are not considered in the simpler anisotropic Kuramoto-Sivashinsky equation.
I. INTRODUCTION
It is known since the 1960s that oblique low and medium energy ion sputtering may induce a self-organized process at the irradiated surface that leads to the formation of periodic ripple structures with periodicities in the submicron range. 1, 2 These ripple patterns have been found on all kinds of amorphous as well as crystalline materials such as insulators, 1 semiconductors, 3 and metals. 2 The periodicity of the ripples was found to scale with ion energy and can be tuned from few tens to several hundreds of nanometers. 4 Nowadays, the ion-induced formation of nanopatterns gains new interest. To some extent, this interest is caused by the availability of new techniques for the precise characterization of the eroded surfaces. There are several in situ and ex situ studies that investigate the ripple formation by means of light scattering, 5 x-ray scattering, 6 and scanning probe techniques. 7, 8 In addition, ion-induced ripple patterns become also interesting for certain technological applications, e.g., in microelectronic device fabrication. 9 Moreover, nanorippled substrates were also found to significantly influence the magnetic 10 and optical 11 properties of metallic thin films. The formation process of the ripples itself, however, is still not completely understood.
In 1988, Bradley and Harper 12 ͑BH͒ developed a continuum model to describe the formation and evolution of ripple patterns during ion erosion. It was already shown by Sigmund, 13 under the assumption of a Gaussian distribution of the energy deposited by the impinging ion, that the local erosion rate of a rough surface under ion bombardment is higher in depressions than on elevations. This curvature dependence of the erosion rate induces an instability of the surface against periodic disturbances that causes an amplification of the initial roughness spectrum. In the presence of a competing smoothing process such as surface self-diffusion, however, wavelength selection is observed associated with the dynamic dominance of a single Fourier mode of the surface height. 12 Hence, the formation of periodic structures on the surface results directly from a competition between roughening due to removal of surface material and smoothing by thermal or ion-induced diffusion 14 or viscous flow in the case of amorphous surfaces. 6, 15 The linear continuum equation derived by BH is able to reproduce some of the main experimentally observed features of the pattern formation such as the orientation of the ripples with respect to the ion beam and the exponential growth of the ripple amplitude. For long sputtering times, however, certain experimental observations such as the saturation of the ripple amplitude cannot be explained within the framework of the BH model. This disagreement was attributed to a growing influence of nonlinear terms that dominate the morphology at later times. Hence, nonlinear continuum models generalizing the Kuramoto-Sivashinsky ͑KS͒ equation to anisotropic systems have been derived for describing the evolution of the ripple structures. 4, 16 In the early-time regime, these models behave like the linear BH equation. At a certain transition time t c , however, the nonlinear terms start to control the evolution of the surface. 17 In this nonlinear regime, the amplitude of the ripples saturates as observed experimentally. 18 For longer sputter times, however, a transition to isotropic kinetic roughening occurs. 17, 19 Although such a transition has been found in some experiments, 20 other studies report persistence of the ripple pattern at high fluences. 21 More recent nonlinear models focus on this pattern stabilization at long times 22 or the phenomenon of nonuniform transverse ripple motion and ripple coarsening. 23, 24 In face of the complexity of formulating continuum models to describe these phenomena starting from first principles, an alternative approach consists in exploiting the occurrence of collective phenomena, such as scaling properties of height fluctuations. Thus, a standard way to identify the relevant continuum model when kinetic roughening takes place is the analysis of the dynamic scaling behavior of the surface morphology. 25 To this end, the surface can be characterized in space and time by the global interface width W͑L , t͒ = ͓͗h͑r ជ , t͒ − ͗h͑r ជ , t͔͒͘ 2 ͘ 1/2 calculated over the whole system size L. Here, h͑r ជ , t͒ is the surface height function and the angular brackets denote spatial averaging. Since physical systems typically have rather large system sizes, W͑L , t͒ is hardly accessible in experiments. Therefore, the so-called lo-cal interface width w͑l , t͒ is usually evaluated with l Ӷ L being the size of an observation window. In the case of FamilyVicsek dynamic scaling, 25, 26 the local and the global interface widths should both satisfy the dynamic scaling ansatz
with the scaling function
ͮ ͑2͒
Here, ␣ is called the roughness exponent, z the dynamic exponent, and ␤ = ␣ / z the growth exponent. Based on these dynamic scaling exponents, the system can be assigned to a certain universality class and, therefore, to a certain type of continuum equation. 25 With such an aim, we have investigated the evolution and the dynamic scaling behavior of ripple morphologies on Si surfaces during sub-keV ion sputtering. At low fluences, the surface morphology is dominated by a well-ordered ripple pattern. At higher fluences, however, this pattern is overlayed by larger corrugations which dominate the surface morphology. Similarly, dominant long-wavelength corrugations have been also reported at large fluences for normal-incidence bombardment of Si targets. 27 At high fluences, the largedistance morphology exhibits a scaling anisotropy with different roughness exponents in the direction normal and parallel to the projection of the incident ion beam, respectively. This result is at variance with previous observations of isotropic kinetic roughening in experiments of this type and cannot be reconciled with current knowledge on the scaling properties of the anisotropic KS equation. 17, 19 As a consequence, the potential relevance of dispersive nonlinearities 4, 28 and/or those appearing in two-field models 23, 24 seems naturally suggested.
II. EXPERIMENT AND ANALYSIS
The experiments were performed in an ultrahigh vacuum chamber with a base pressure of about 10 −8 mbar. A standard Kaufman-type ion source was used to bombard commercially available epipolished Si͑100͒ wafers with a native surface oxide with 500 eV Ar + ions. The angle of incidence was fixed at = 67°with respect to the surface normal. The applicability of Sigmund's Gaussian approximation under these experimental conditions has been verified by TRIDYN ͑Ref. 29͒ calculations. Due to the impact of the ions, the first few nanometers of the crystalline Si surface get nearly immediately amorphized 30 resulting in an amorphous top layer 31 of few nanometers thickness. The sample temperature during the experiments was always below 180°C so that no recrystallization of the amorphous layer is expected. The applied ion flux ranged from 3.5ϫ 10 14 to 3.5ϫ 10 15 cm −2 s −1 . Within this range, no influence of the applied flux on the surface morphology could be observed. After sputtering with different fluences ⌽ in the range from 1 ϫ 10 16 to 1 ϫ 10 20 cm −2 , the surface topography of the samples was analyzed ex situ by means of atomic force microscopy ͑AFM͒.
In order to study the scaling behavior of the surface morphology during its evolution, the one-dimensional power spectral density or structure factor has been calculated from lateral cuts of the AFM images. The structure factor is defined as S͑k , t͒ = ͗ĥ ͑k , t͒ĥ ͑−k , t͒͘, with the Fourier transform ĥ ͑k , t͒ of the surface height of the one-dimensional cut h͑r , t͒ and the spatial frequency k. In the case of Family-Vicsek scaling, it can be expressed by the relation 25 
S͑k,t͒
ͮ ͑4͒
Anisotropic surfaces such as the ones studied in the present work may exhibit an even more complex dynamic scaling behavior than isotropic ones since the anisotropy of the surface is also reflected in the lateral correlations of the surface roughness. 28, 32 Thus, considering for simplicity the stationary state, the height-difference correlation function or, equivalently, the local roughness scales with different exponents in the directions normal ͑n͒ and parallel ͑p͒ to the projected direction of the ion beam, w͑l n,p ͒ϳl n,p ␣ n,p , where l n,p refers to one-dimensional ͑1D͒ cuts being taken in the corresponding directions. Similarly, the one-dimensional structure factor S n,p ͑k n,p ͒ must be evaluated independently in both directions behaving as
where
are two different roughness exponents and n = ␣ n / ␣ p and p =1/ n are called the anisotropy exponents. Thus, the roughness exponents measured in real and reciprocal spaces differ although, being related through Eqs. ͑5͒ and ͑6͒, there are only two independent ones. 28 Note that, by substituting Eq. ͑6͒ into Eq. ͑5͒, the latter reads finally
In our case, we have determined the real-space normal and parallel roughness exponents ␣ n,p by evaluating the onedimensional structure factor curves at the highest fluences according to Eq. ͑7͒. In order to minimize the influence of measurement artifacts, the S n,p ͑k n,p ͒ curves have been averaged over six AFM images taken at different positions on the surfaces of up to five identically treated samples.
III. RESULTS Figure 1 shows AFM images of the morphology after sputtering with four different fluences. At a fluence of ⌽ =5ϫ 10 16 cm −2 ͓Fig. 1͑a͔͒, shallow ripples appear with a wavelength Ӎ 24 nm that are oriented normal to the projected direction of the ion beam. These ripples are relatively short and not well ordered. With increasing fluence, however, they become longer and more homogeneous and also their wavelength increases ͓Fig. 1͑b͒, ⌽ =5ϫ 10 17 cm −2 ͔. At this stage, larger corrugations form and overlay the ripple pattern. These corrugations become more pronounced with fluence until they dominate the surface morphology ͓Figs. 1͑c͒ and 1͑d͔͒. At much larger lateral scales, these corrugations even show a kind of periodicity. 33 In this regime, coarsening stops and the ripple wavelength is found to saturate at a fluence ⌽ Ӎ 10 19 cm −2 . In Fig. 2͑a͒ , the structure factor curves in the direction normal to the ion beam, S n ͑k n ͒, are depicted for different fluences. Toward large values of k n , the S n curves all coincide. The slope m ͑in the log-log plot͒ of the curves in this regime is about −4, corresponding to a roughness exponent of 1.5. At small k n values, however, S n ͑k n ͒ increases with fluence and a second scaling regime develops. The extrapolated value of the roughness exponent in this long-range scaling regime is ␣ n = 0.76Ϯ 0.04. For high fluences ⌽ Ͼ 10 19 cm −2 , the S n curves coincide also at low k n . However, at the lowest k n values, a slight rounding of the structure factor curves is observed even for the highest fluence applied. This might indicate that the large-scale morphology has not fully saturated yet.
The structure factor S p ͑k p ͒ calculated in the direction parallel to the ion beam is given in Fig. 2͑b͒ . In this direction, for ⌽Ն5 ϫ 10 16 cm −2 , a peak appears at the spatial frequency k p ‫ء‬ corresponding to the wavelength of the ripple pattern. For k p ӷ k p ‫ء‬ , again a slope m = −4 is observed. With increasing fluence, the ripples coarsen and the position of the peak is shifting to smaller k p values. As in the direction normal to the ion beam, the structure factor increases with fluence for k p Ӷ k p ‫ء‬ and again shows a power-law behavior at high fluences. Here, the roughness exponent was determined to be ␣ p = 0.41Ϯ 0.04. As in the n direction, albeit less pronounced, the S p curves of the highest fluences exhibit a slight rounding at the lowest k p values.
Note that the apparent power-law behavior of the S n,p curves at low k n,p for the lowest fluences given in Figs. 2͑a͒ and 2͑b͒ still resembles the virgin Si substrate. With increasing fluence, however, the influence of the original substrate morphology vanishes.
From Eqs. ͑3͒ and ͑4͒ it follows that plotting the rescaled structure factor S͑k , t͒k ͑2␣+1͒ versus kt 1/z for the different times, all curves should collapse into a single one. In this way, the dynamic exponents z n,p can be measured by using the previously determined roughness exponents ␣ n,p . Figure  3 shows the collapsed structure factor curves for low fluences. In both directions, a good convergence is obtained for ␣ n,p = 1.5 and z n,p = 4.5. The low-k n,p slope of the collapsed structure factor curves should be given by m =2␣ n,p +1=4. This behavior is reasonably well confirmed as can be seen from the straight solid lines in Fig. 3 .
For high fluences, Figs. 4͑a͒ and 4͑b͒ show the collapsed structure factor curves for low k n,p values. In the n direction, again a good convergence is obtained. In the p direction, however, it is less perfect. This can be attributed to the fact that the p direction is also the slow-scan direction of the AFM and, therefore, rather sensitive to sampling-related artifacts especially at long wavelengths. Nevertheless, the obtained collapse is still reasonable as is indicated again by the straight black lines in Figs. 4͑a͒ and 4͑b͒ that exhibit slopes of m =2␣ n + 1 = 2.52 and m =2␣ p + 1 = 1.82, respectively. After the system reaches its stationary state, one expects ␤ = ␣ n,p / z n,p = 0 and, therefore, very large effective z n,p values. The curves shown in Fig. 4 , however, were obtained for z n = 8 and z p = 9. Considering the uncertainties due to sampling- induced artifacts especially in the p direction, the difference between these two values is probably within the error margins of the data collapses and not caused by a real anisotropy. Although the high-fluence z n,p values are by a factor of 2 larger than the ones obtained at low fluences, they are still of comparable magnitude. This supports the interpretation that the system is not completely saturated yet as already indicated by the rounding of S n,p ͑k , t͒ at small k for the highest fluences ͑cf. Fig. 2͒ . At full saturation, one would expect the small k data in Fig. 2 to better follow the corresponding solid lines, which thus currently provide extrapolations of the expected asymptotic behavior. However, no final conclusions on this issue can be drawn from the current data set. For this, one would need different experimental techniques that probe the surface at larger lateral scale such as surface-sensitive x-ray scattering. The evolution of the ripple amplitude a, defined as the half of the average peak-to-peak height of the ripples, is shown in Fig. 5͑a͒ . In the low-fluence regime, the amplitude a is increasing from initially 0.4 nm to a maximum value of about 0.8 nm at ⌽ Ӎ 5 ϫ 10 17 cm −2 . For higher fluences, the amplitude decreases again and finally saturates at a value of a sat Ӎ 0.6 nm. A similar overshooting before saturation has already been observed for the local and global interface widths in previous experiments under normal ion incidence 34 and simulations of the anisotropic KS equation, 17 respectively. Because of the small value of the ripple amplitude, shadowing effects that, e.g., become important at high fluences in the case of medium energy ion sputtering 35 can be excluded for the current experimental conditions. 36 Figure   5͑b͒ depicts the evolution of the ripple wavelength measured from the main peak of the parallel structure factor. As indicated by the straight line, logarithmic coarsening is ob- 
IV. DISCUSSION
A. Short-range scaling
The observed peak in the structure factor S p in the direction parallel to the ion beam with the −4 slope at large k p values ͓cf. Fig. 2͑b͔͒ indicates the presence of a KS type instability in this direction. 37 The anisotropic KS equation for the surface height is given by 16 ‫ץ‬
Here, ␥ is the lateral velocity of the ripples, D is the thermal or ion-induced diffusion, 14 and is a noise term that accounts for the stochastic nature of the sputtering process. The surface instability is incorporated by the linear coefficients n,p , with at least one of them being negative. The coefficients of the Kardar-Parisi-Zhang 38 ͑KPZ͒ nonlinearities, n,p , incorporate the dependence of the local erosion velocity on the surface slopes.
The orientation of the ripples with respect to the incident ion beam is determined by the signs of the linear coefficients: the wave vector of the observed ripple structure is parallel to the direction with the smallest negative .
12,16
Therefore, for the present experiment p Ͻ n . Concerning the value of n , we can distinguish three cases, as follows from the exact form of S͑k , t͒ for the linearization of Eq. ͑8͒, that are accurate for small time and length scales. Note that in principle the very short-distance behavior of Eq. ͑8͒ is dominated by the −Dٌ 4 h term, inducing the scaling behavior of the linear molecular-beam epitaxy ͑MBE͒ equation, whose exponent values in ͑1+1͒ dimensions are 25 ␣ MBE =3/ 2 and z MBE =4.
͑i͒ n Ͼ 0. For a sizeable and positive n the scaling behavior should cross over from linear MBE to EdwardsWilkinson ͑EW͒ type, 25 the power characterizing the S͑k n ͒ decay with k n clearly departing from the −4 value at intermediate time and length scales.
͑ii͒ ͉ n ͉Ϸ0. For ͉ n ͉ close to zero, no transition to EW scaling would occur and the 1D linear MBE scaling would hold even for intermediate times.
͑iii͒ 0 Ͼ n Ͼ p . A negative n value would introduce a second instability in the n direction. Although the instability in the p direction would overcome this second instability very soon, the corresponding structure factor S n would exhibit a local maximum at k n ‫ء‬ = ͱ ͉ n ͉ / 2D. However, for ͉ n ͉ Ӷ ͉ p ͉, the local maximum might be too small to be recognized in the structure factor curve.
The experimental S n curves shown in Fig. 2͑a͒ do not exhibit a local maximum. The determined low-fluence behavior for the n direction S͑k n ͒ϳk n −4 as induced by the −Dٌ 4 h term holds even at the highest applied fluence of ⌽ =1ϫ 10 20 cm −2 . This indicates that the second case with ͉ n ͉Ϸ0 applies most likely. Physically, 39 we thus expect the condition 0 Ͼ n ӷ p to apply in the current experiments.
B. Long-range scaling
Although the long-range scaling behavior of Eq. ͑8͒ is still unexplored, two different long-time scaling regimes are expected depending on the relative signs of the nonlinear coefficients n and p . For n p Ͼ 0, an algebraic scaling behavior similar to the KPZ equation 38 is expected whereas n p Ͻ 0 might result in isotropic logarithmic scaling. 4, 16 However, it was shown that for n p Ͻ 0 rotated ripples, socalled cancellation modes appear at long times and dominate the surface morphology. 17, 19 For the current experimental conditions, one would expect 4 n p Ͻ 0. However, even for the highest applied fluence of ⌽ =1ϫ 10 20 cm −2 , neither the appearance of rotated ripple structures nor isotropic logarithmic scaling is observed. On the contrary, for ⌽Ն10
19 cm −2 , the morphology exhibits anisotropic algebraic scaling at large length scales with ␣ n = 0.76Ϯ 0.04 and ␣ p = 0.41Ϯ 0.04. Although these exponents agree fairly well with the exponents of the isotropic KS 40 ͑early-time regime͒ and the isotropic KPZ equation, 25 respectively, the strong degree of anisotropy in the system rather suggests that this similarity is just coincidental.
In Eq. ͑8͒, the only term breaking the x → −x symmetry is the one with parameter ␥. However, in order to fully describe the nonlinear evolution of ion-sputtered surfaces to the same order in powers of h and space derivatives, Makeev et al. 4 derived the following general equation:
where we note in particular the appearance of dispersive nonlinearities with coefficients n,p . This general equation has a rather complex parameter space and different scaling behaviors may be expected depending on the nonlinear coefficients. Although to date the dynamic scaling exponents of Eq. ͑9͒ still have to be clarified, we have additional information from a different particular case of this equation. Specifically, Schmittmann et al. 28 performed a renormalizationgroup calculation for the ͑linearly stable͒ case in which n,p Ͼ 0, while ␥ = ⍀ 1 = ⍀ 2 = n,p = 0. Remarkably, they find parameter regimes in which the stationary state is characterized by strong anisotropy, in the sense that n,p 1 and thus ␣ n ␣ p .
Another experimental observation that can be explained neither with the KS nor with the general Eq. ͑9͒ is the coarsening of the ripple wavelength. Nevertheless, the recent twofield or "hydrodynamic" model developed by Muñoz-García et al., 23, 24, 41 in which the height field is coupled to a density of material that diffuses at the surface, is able to show ripple coarsening at intermediate times. The resulting equation is similar to Eq. ͑9͒ but with additional conserved KPZ nonlinearities of the form ͚ i,j=x,y ij ͑2͒ ‫ץ‬ i 2 ‫ץ͑‬ j h͒ 2 , namely,
͑10͒
In this model, the ripple wavelength remains constant at short times as in the linear BH equation. Due to the high flux of the Kaufman ion source used, this linear regime cannot be accessed in the current experiments. 33 Then, at intermediate times, the ij ͑2͒ nonlinearities are seen to induce the coarsening of the ripples. At long times, however, the nonconserved KPZ nonlinearities j ͓such as those in Eqs. ͑8͒ and ͑9͔͒ become dominant and coarsening stops. 24, 41 In this regime, the surface shows dynamic scaling at large lateral scales while conserving the ripple pattern at small scales. 41 Since the transition to this regime is induced by the nonconserved KPZ terms, it is accompanied by a saturation of the ripple amplitude. 24, 41 In the present experimental results, however, coarsening seems to be observed even after the ripple amplitude has saturated ͑cf. Fig. 5͒ . This again might indicate the relevance of the additional nonlinearities n,p , whose dynamical role has not been completely assessed ͑other than, e.g., their contribution to ripple motion with a nonuniform velocity͒, 24 or perhaps the relevance of relaxation mechanisms other than those considered in two-field models.
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V. CONCLUSION
In summary, the evolution of Si surfaces during oblique high-fluence ion sputtering was studied by ex situ AFM. The observed morphology consists of a well-ordered ripple pattern that is superposed by long-wavelength corrugations. These corrugations dominate the surface morphology at intermediate and high fluences. Logarithmic coarsening of the ripple wavelength is observed. The dynamic scaling behavior at low fluences and short lateral scales indicates the presence of a KS type instability and a linear coefficient 0 Ͼ n ӷ p in the directions parallel and normal to the projection of the ion beam, respectively. At high fluences, the large scale morphology of the surface exhibits scaling anisotropy with roughness exponents ␣ n = 0.76Ϯ 0.04 and ␣ p = 0.41Ϯ 0.04 in the n and p directions, respectively.
The observed algebraic scaling behavior at high fluences and large lateral scales does not agree with the anisotropic KS equation, which is expected to exhibit isotropic logarithmic scaling 4, 16 or rotated ripple structures 17, 19 under the current experimental conditions. However, while the presence of dispersive nonlinearities as in the general continuum equation of ion erosion, 4 Eq. ͑9͒, might explain the experimentally observed strongly anisotropic scaling at the longest fluences, the observed coarsening at intermediate fluences can be accounted for in principle by conserved-KPZ type nonlinearities. Thus we are naturally led to considering Eq. ͑10͒ as a potential continuum description of the present experiments. Indeed, such an equation has been derived for oblique incidence ion sputtering within the so-called two-field or "hydrodynamic" description. 23, 24 However, elucidating its scaling behavior will require future theoretical efforts. In particular, it remains to be seen whether the observation that ripple coarsening continues after the saturation of the ripple amplitude can be still accommodated by the dynamics of Eq. ͑10͒ or else it still requires further modifications of the corresponding physical model.
